Recent clinical reports found a high incidence of recurrent otitis media in children suffering hyperacusis, a marked intolerance to an otherwise ordinary environmental sound. However, it is unclear whether the conductive hearing loss caused by otitis media in early age will affect sound tolerance later in life. Thus, we have tested the effects of tympanic membrane (TM) damage at an early age on sound perception development in rats. Two weeks after the TM perforation, more than 80% of the rats showed audiogenic seizure (AGS) when exposed to loud sound (120 dB SPL white noise, < 1 minute). The susceptibility of AGS lasted at least sixteen weeks after the TM damage, even the hearing loss recovered. The TM damaged rats also showed significantly enhanced acoustic startle responses compared to the rats without TM damage. These results suggest that early age conductive hearing loss may cause an impaired sound tolerance during development. In addition, the AGS can be suppressed by the treatment of vigabatrin, acute injections (250 mg/kg) or oral intakes (60 mg/kg/day for 7 days), an antiepileptic drug that inhibits the catabolism of GABA. c-Fos staining showed a strong staining in the inferior colliculus (IC) in the TM damaged rats, not in the control rats, after exposed to loud sound, indicating a hyperexcitability in the IC during AGS. These results indicate that early age conductive hearing loss can impair sound tolerance by reducing GABA inhibition in the IC, which may be related to hyperacusis seen in children with otitis media.
INTRODUCTION
Otitis media, an inflammation of the middle ear, is the most commonly diagnosed illness among preschool children in the United States (Lanphear et al., 1997) . The incidence of recurrent otitis media has increased significantly in children, especially infants, in the last decade, most likely due to the increased enrollment in child care services and a higher prevalence of allergic conditions (Kristjansson et al., 2010; Martines et al., 2010) . Chronic otitis media in early childhood is a serious concern as it induces recurrent conductive hearing loss, which adversely affects language acquisition, learning and social interactions (O'Leary et al., 2009) . Recent clinical reports suggest that early age hearing loss may be related with hyperacusis, a disorder characterized by a marked intolerance to ordinary environmental sounds. Coelho et al. found that hearing loss was often reported in children who experienced hyperacusis and tinnitus (~37%) and suggested that the mild hearing loss might be an associated risk factor for hyperacusis and tinnitus (Coelho et al., 2007) . The vast majority of children with Williams syndrome, a genetic neural developmental disorder, suffer from hyperacusis. Although the cause of hyperacusis in Williams syndrome may be related with the complex cognitive deficits caused by this neurodevelopmental disorder, interestingly, children with Williams syndrome often show a high frequency hearing loss which resembles the configuration of noise-induced hearing loss (Gothelf et al., 2006) or recurrent otitis media (Klein et al., 1990; Miani et al., 2001 ). These studies suggest that early age hearing loss (conductive or sensorineural) may affect the development of the central auditory system (Popescu et al., 2010; Xu et al., 2007) and consequently, impairs the sound perception.
Previous animal studies have shown that early age conductive hearing loss can impair sound tolerance Gates et al., 1973; McGinn et al., 1973) . Chen et al reported that a high incidence of audiogenic seizure (AGS) behavior was induced in mice by rupturing their tympanic membranes (TM) at an early age (postnatal 14 or 21 days), but not in adult . During exposure to loud sound, i.e., ringing bells for 120 seconds (~125 dB SPL), the TM damaged mice exhibited wild running followed by erratic leaping, clonic convulsion and even death. This study suggests that sound deprivation at early age caused by conductive hearing loss can impair sound tolerance. However, in most of those studies, AGS has only been tested for 2-3 weeks after TM damage. The long term effect of the TM damage on sound tolerance has never been tested. It was also unclear whether the TM damage will affect the sound loudness perception. People with hyperacusis often report increased sensitivity to sound, regardless the hearing loss they may have. Therefore, we developed a conductive hearing loss animal model in young Sprague-Dawley rats by surgically perforating their TMs (bilateral and monaural), a common occurrence in children with chronic suppurative otitis media (Johnston et al., 2004; Lasisi et al., 2008; Martines et al., 2010) , and assess their behavioral response to loud sound later in life. The susceptibility to AGS and the acoustic startle reflex have been tested after the TM damage up to 16 weeks post-surgery. We also used the staining of c-Fos, an immediate early gene which can be utilized as a marker of repetitive neuronal activation (Friauf, 1992) , to identify the source of AGS in the central auditory system.
Materials and Methods
Animal models for conductive hearing loss 22 Sprague-Dawley rat pups were randomly assigned to either the TM damaged group (TM Group, n = 14) or the Control Group (n = 8). For the TM Group, bilateral TMs were surgically destroyed at postnatal 16 days (P-16d), shortly after their ear canals fully opened which has been referred as the critical period of the central auditory system development (de Villers-Sidani et al., 2008) . The TM damage surgery was performed under a surgical microscope and the rats were under light anesthesia with isoflurane (1.5-2%). The TM was visualized under the surgical microscope. The entire TM was ruptured using a sterile 22 gauges needle. The middle ear ossicles, except the manubrium of the malleus, were avoided to be touched during the surgery. The surgery lasted for less than 5 minutes for each rat. Rats in the Control Group were also anesthetized with isoflurane (1.5-2%) for 5 minutes without surgery. All animals were then returned to their cages. The hearing loss induced by TM damage was evaluated using auditory brainstem (ABR) tests at 2 and 6 weeks after the surgery.
AGS test and vigabatrin treatment
The susceptibility to AGS was tested following the procedure described in a previous literature (Chakravarty et al., 1999) . In the test, rats were individually placed in a round training pan (diameter 40 cm, height 50 cm) with a loud speaker installed at its top (D-59, GMI Sound Corp., USA) in a sound proof room. The movement of the rats was captured by a video camera and monitored by the testers outside the testing room. The rats were allowed to habituate to the testing environment for 2 minutes. Then, they were exposed to a loud white noise (120 dB SPL) for up to 60 seconds if no seizure was induced. Wild running and erratic leaping were used as a sign to identify the AGS (Chakravarty et al., 1999) . Once AGS was observed, the sound exposure will be terminated.
The effect of vigabatrin on AGS was tested on a group of rats in the TM Group (2-4 months old) through acute injection or chronically oral administration. For acute test, vigabatrin (Sabril, Anaofi Aventis, UK) was dissolved in saline solution (25 mg/ml) right before the treatment. The rats were tested for AGS 2 hours after the injection of vigabatrin (250 mg/kg, intraperitoneal injection, i.p.). The effect of saline (4-5 ml, i.p.) on AGS was also tested on these rats 3-5 days later as control. For the chronic effect of vigabatrin, vigabatrin was dissolved in water at 1 mg/ml concentration and treated for seven days. The averaged water taken was 20±0.7 ml (n = 7) and the dose of vigabatrin was about 60 mg/kg/day.
Acoustic startle reflex test
The acoustic startle reflex was recorded from rats in the TM Group and the Control Group (four for each group, only male rats were used) (Sun et al., 2009) . During the test, rats were placed in custom-fabricated wire mesh cages resting on the Plexiglas floor within sound isolated testing chambers. Sounds were delivered by a loudspeaker located above the cage. A piezoelectric transducer attached to the bottom of the testing platform generated a voltage proportional to the magnitude of the startle response. Sound stimuli consisting of narrowband noise (centered at 4 and 8 kHz with a 2 kHz bandwidth) were randomly presented at various intensities (60 to 110 dB SPL with 10 dB step). Ten trials have been used at each intensity with 18-22 second inter-trial intervals.
Expression of c-Fos in the IC
The expression of c-Fos in the IC induced by noise exposure was examined in rats from both the TM Group (n = 3) and the Control Group (n = 3). Rats were exposed to 120 dB SPL white noise for one minute or less if AGS was induced. Two hours after noise exposure, the rats were sacrificed with an overdose of pentobarbital and then intracardially perfused with phosphate-buffered saline followed by formalin. Our decision to sacrifice rats 2 h after the noise exposure was based on a previous study that found the immunoreactivity of c-Fos peaked at 2 hours after sound exposure (Klein et al., 2004) . Following the intracardial perfusion, the brain was post-fixed and sliced into 40 μm coronal sections using a cryostat microtome. The c-Fos immunohistochemistry was performed on free-floating brain slices by exposing them for 2 h to the primary rabbit polyclonal antibody (sc-52, Santa Cruz), followed by 1 h exposure to the secondary antibody (biotinylated goat anti-rabbit IgG, BA-1000, Vector Lab) in room temperature. The immunoreactivity was detected following the avidin-biotin complex immunoperoxidase reaction (ABC; Vector Lab) and visualized by 3'-diaminobenzidine (DAB) staining. c-Fos staining was then examined under a microscope.
GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA, USA) was used to perform the statistical analyses and generate the graphs. Results are presented as the mean ± standard error (SEM) of the mean.
Results
Hearing loss caused by the TM damage ABR was used to evaluate the hearing loss caused by the TM damage. Two weeks after the surgery, the averaged ABR threshold in the TM Group (n = 12) was 15, 15, 20 and 32 dB higher than the Control Group (n = 7) at 4, 8, 16 and 24 kHz, respectively (Two-way ANOVA, F(1, 68) = 106, P < 0.0001, Figure 1A ). Six weeks after the TM damage, the difference of the averaged ABR threshold in the TM Group (n = 4) compared to the Control Group (n = 4) reduced to 9, 13, 9 and 10 dB at 4, 8, 16 and 24 kHz (Two-way ANOVA, F(1, 24) = 39, P < 0.0001, Figure 1B) . These results are consistent with previous reports that most acute TM perforations healed spontaneously in several weeks (Amoils et al., 1992; Bigelow et al., 1998) .
The Susceptibility of AGS induced by TM damage
The susceptibility to AGS in the TM Group and the Control Group was repeatedly tested at multiple time points after the surgery (1 week to 16 weeks) ( Table 1) . One week after the TM damage, none of the rats in the TM Group showed AGS. However, two weeks after surgery, 85% of the rats in the TM Group (12 out of 14) presented with AGS when they were exposed to 120 dB SPL white noise (< 60 seconds). The AGS behavior was characterized by wild running, erratic leaping and clonic convulsions during exposure to loud sound (Chen, 1978) . Retesting at post-surgery 4, 6, 8 and 16 weeks, confirmed that the increased susceptibility to AGS was persistent in the TM group. The ratios of AGS susceptible rats at post-surgery 4, 6, 8 and 16 weeks are 100% (13 out of 13), 91% (10 out of 11), 78% (7 out of 9) and 100% (7 out of 7), respectively. The susceptibility of AGS of these rats maintained the same during the development. In contrast, none of the rats in the Control Group (n = 8) showed AGS during the tests at postnatal 3 to 18 weeks, which result is consistent with the literature that Sprague-Dawley rats are a genetically AGS-resistant strain (Pierson et al., 1992) .
In addition, we tested the AGS in a group of rats with monaural TM damage at P-16d (n=8). Two weeks after the surgery, 75% of rats (6 out of 8) also exhibited AGS when exposed to 120 dB SPL white noise (< 60 seconds). Four adult rats had TM damage at P45. Four weeks later, none of these rats developed AGS.
The TM damage enhanced the startle amplitude
To test if early age conductive hearing loss also affects the sensitivity of sound stimuli, the acoustic startle response of the rats in the TM Group (bilateral TMs were damaged at P16d) and the age-matched rats in the Control Group were compared. The acoustic startle reflex is characterized by a contraction of the skeletal and facial muscles in response to sudden, relatively intense sounds, and its amplitude is related exponentially to sound intensitysimilar to sound loudness response curve to the sound intensity (Stevens, 1955) . Four rats for each group (3-4 weeks after the TM damage) were tested. Compared to the Control Group, there was a significant increase of the acoustic startle response at 4 kHz in the TM Group (two-way ANOVA, F(1,36)=9.38, p=0.004, n = 4, Figure 2A ). At 8 kHz, the startle response of the TM group was enhanced at high intensities (100 and 110 dB SPL), despite a slightly reduced response at lower intensities due to the hearing loss (two-way ANOVA, P>0.05, n = 4, Figure 2B ). These results suggest that the early age TM damage may increase the sound reaction (sensitivity).
C-Fos Staining
c-Fos staining was performed on brain tissue harvested from rats in the TM Group and the Control Group (6-8 weeks old; 3 from each group) 2 hours after loud sound exposure (120 dB, 1 minute). During the loud sound exposure, the rats in the TM Group showed AGS, whereas the rats in the Control Group did not. Figure 3 shows examples of c-Fos staining in a control rat (A and C) and a TM damaged rat (B and D). Strong c-Fos staining can be seen in the IC of the TM damaged rats; whereas only scattered c-Fos positive nuclei can be found in the control rats. To quantify the c-Fos staining in the IC, we counted the c-Fos positive nuclei in a serial of sections of the IC (determined by eye). The averaged number of the cFos positive nuclei in the central and dorsal nuclei of the IC was 42 ± 8.4 / mm 2 (counted from 8 sections) and 11.7 ± 2.6 / mm 2 (6 sections) in the TM damaged rats and the control rats respectively. The difference was significant (the Student's t-test, p=0.017). In the external nucleus of the IC (ECIC), the averaged number of c-Fos positive nuclei was 42 ± 8.4 / mm 2 (n = 8) in the TM damaged rats which was significantly higher than 4.6 ± 1.4 / mm 2 (n = 6) in the control rats (the Student's t-test, p=0.001). The c-Fos staining in the cochlear nucleus and the auditory cortex were either absent or very light in both groups. These results are similar to the results seen in mice genetically prone to AGS (Klein et al., 2004; Kwon et al., 1997) , suggesting that early age TM damage can cause sound-evoked hyperexcitability in the IC, which may initiate the AGS.
Effects of vigabatrin on AGS
To test if GABA inhibition was involved in the AGS caused by the TM damage, effect of vigabatrin (250 mg/kg, i.p.), an antiepileptic drug which can increase the ambient GABA concentration in the brain (Willmore et al., 2009) , has been tested in eleven rats in the TM Group. Saline (4-5 ml, i.p.) was used as the control. The AGS was tested (white noise exposure, 120 dB SPL, 1 minute or less) 2-3 hours after vigabatrin or saline treatment. After saline injection, 10 out of 11 rats showed AGS; whereas only one of the eleven rats showed AGS after the injection of vigabatrin (Table 2 , Chi-square test, P<0.0001). Two-weeks after the acute vigabatrin treatment, AGS was retested in these rats. 10 out of 11 rats showed AGS. Vigabatrin treatment through oral intake (60 mg/kg/day, seven days) can also suppress AGS in 86% of the tested rats (6 out of 7 rats, table 3, Chi-square test, P<0.0001). Two weeks after stopping vigabatrin treatment, AGS can be induced in all of the rats (7 out of 7 rats) using the same procedure. Therefore, these data suggest the AGS caused by the TM damage may be related to lack of GABAergic inhibition.
To confirm the suppressive effect of vigabatrin on AGS was not due to the impairment of rats' motor control systems, the acoustic startle response before and after the vigabatrin treatment was tested in the rats in the TM Group (3-4 months after TM damage). There was no significant difference between the startle amplitude before and after seven days treatment of vigabatrin through the drinking water (60 mg/kg/day for seven days, Figure 4A-B) . Therefore, the suppression of AGS was not due to the impairment on their motor controls.
DISCUSSION
One of the most interestingly findings of this study is that early age TM perforation (bilateral or monaural) can cause AGS in rats. This result suggests that hearing loss during the developmental period (not in adult) can cause severe long-term disorders in later life. Although most of the rats with TM damage at P16 developed AGS, about 1-2 rats did not develop AGS. Since during the TM surgery, the damage of the middle ear structure (ossicles and middle ear muscles) was avoided in order to prevent a permanent hearing loss, we think the susceptibility of AGS may be affected the recovery time from the TM damage. Interestingly, the monaural TM damage caused AGS in 75% of the rats (6 out of 8). The ratio was only slightly lower than the bilateral TM damage group (86%, 12 out of 14) . These results suggest that even the monaural hearing loss is sufficient to affect the development of the central auditory system and impair sound processing.
Interestingly, the TM damaged rats also exhibited enhanced acoustic startle response even with an elevated hearing threshold, suggesting an increased sensitivity to acoustic stimulation. As increased sound sensitivity and reduced sound tolerance are typical signs for hyperacusis, our results suggest the TM damage at early age may cause hyperacusis behavior in rats (Ison et al., 2007; Sun et al., 2009; Turner et al., 2008) . The cause of hyperacusis in human is still largely unknown. A recent studies on patients with hyperacusis have shown elevated activations in the auditory midbrain, thalamus, and primary auditory cortex, which may be related to the reduced central inhibition (Gu et al., 2010) .
We also identified a strong c-Fos staining in the IC in the TM damaged rats after AGS, suggesting the AGS may be related to the hyperactivity in the IC responding to sound stimuli. These results are consistent with previous studies on AGS using mice genetically prone to AGS (Klein et al., 2004; Kwon et al., 1997) . In addition, we found the AGS can be reversibly suppressed by vigabatrin treatments (i.p. injection or oral take), suggesting that the AGS caused by the TM damage may be related to a deficiency of GABA inhibition. Interestingly, the vigabatrin treatment (oral taking) can block audiogenic seizure without affecting the amplitude of acoustic startle reflex. This suggests that different change in the central nervous systems may be involved in causing audiogenic seizure and enhanced acoustic startle reflex.
How early age hearing loss affects the central auditory system development is not yet clear. Previous studies have shown that normal sound stimuli are crucial for the functional development of the central auditory system (Chang et al., 2003; Kral et al., 2002) . Failure to receive proper excitatory input from the cochlea is known to cause the functional impairment in the central auditory system and various sound processing deficits. For instance, moderate hearing loss during development can alter the temporal properties of synapses and spikes (Xu et al., 2007) , and prevent the synaptic inhibitory plasticity development which was regulated by the GABA-B receptors in the auditory cortex (Takesian et al., 2010) . The conductive hearing loss at early age can also disrupt the binaural integration of interaural level differences in the IC (Popescu et al., 2010) . However, the specific damage on the central inhibitory system caused by early age hearing loss still need more experiments to be revealed. In summary, this study examined the behavioral consequences of early age conductive hearing loss on sound perception development. Our results suggest that early age sound deprivation caused by conductive hearing loss may cause an irreversible impairment in the central auditory system and increases the risk of developing hyperacusis.
Highlights
• Tympanic membrane damage at early age causes audiogenic seizure in rats.
• Tympanic membrane damage at early age causes enhanced acoustic startle response
• Extensively increased c-Fos staining in the inferior colliculus after audiogenic seizure
• Vigabatrin treatment can suppress audiogenic seizure Early age tympanic membrane damage induced hearing loss and audiogenic seizure (AGS). A. Tympanic membrane (TM) damage caused a 10 to 30 dB hearing threshold increase compared to the Control Group two weeks after the surgery. B. The differences of the hearing threshold between the TM Group and the Control Group reduced to 10-15 dB six weeks after the TM damage (Results are presented as mean ± SEM) Tympanic membrane (TM) damage caused increased acoustic startle response. A. Rats with TM damage showed higher acoustic startle response at 4 kHz (Two-way ANOVA, p = 0.004, F(1,36)= 9.38, n = 4) compared to the Control Group. B. At 8 kHz, the startle responses of the TM Group were higher at 100 and 110 dB SPL, but slightly lower from 70 to 90 dB SPL compared to the Control Group (Results are presented as mean ± SEM, * P < 0.05). The c-Fos staining in the inferior colliculus in a control rat (A and C) and a tympanic membrane (TM) damaged rat (B and D). The inferior colliculus tissue was harvested 2 hours after exposure to 120 dB SPL white noise (1 minute). A strong c-Fos staining can be seen in the TM damaged rats primarily in the external nuclei (ECIC), the dorsal nuclei (DCIC) and the central nuclei of the inferior colliculus (CIC) (B and D), not in the rat in the Control Group (A and C). Oral treatment of vigabatrin (60 mg/kg/day, seven days) did not affect the acoustic startle response. Acoustic startle responses were tested in adult rats with TM damage at early age before and after vigabatrin treatment at (A) 4 kHz and (B) 8 kHz. There was no significant different before and after the treatment (n = 4, two-way ANOVA, P>0.05) (Results are presented as mean ± SEM). Table 2 Effects of acute vigabatrin or saline treatment (250 mg/kg, i.p.) on audiogenic seizure (AGS)
Testing time Number of rats No AGS AGS
Vigabatrin (2-3 hrs post treatment) 11 10 1
Saline (2-3 hrs post treatment) 11 1 10
Vigabatrin (2 weeks post treatment) 11 1 10
